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I. Summary 

The r e s u l t s  of the  Task I ve loc i ty  diagram and the  Task I1 d e t a i l e d  
design of the  highly loaded four  and one ha l f  s t age  f an  turb ine  are presented. 
Thp effect of s t age  leaving swirl, s tage  energy s p l i t ,  and 
and curvature  were inves t iga ted  and the r e s u l t s  presented. 
f o r . t h e  o u t l e t  turning vanes is presented. 
were made taking i n t o  account s t reamline s lope and curvature  e f f e c t s .  The 
number of vanes and r o t o r s  was  se lec ted  using the  Zweifel loading criteria. 
Vane and r o t o r  s ec t ion  coordinates were generated and de ta i l ed  design da ta  
was summarized. Velocity d i s t r i b u t i o n s  f o r  t h e  flow through t h e  blades w a s  
analyzed by two dimensional incompressible and compressible techniques and 
by a quasi-three dimensional technique. 
p i t ch ,  and t i p  f o r  a l l  the  blade sec t ions  are presented. 
performance maps were generated. 
were predicted.  

F ina l  vector  diagram ca lcu la t ions  

Velocity d i s t r i b u t i o n s  a t  rpo t ,  

Steady state stresses and v ib ra to ry  behavior 
Predicted tu rb ine  

No stress problems are expected during a i r  turb ine  t e s t ing .  



11. Introduction 

Advanced research inves t  ions of the propul equirements f o r  d i r e c t  
l i f t  fan engine systems indic  these-  sybtems w i l l  h Q h  bypass r a t i o  
turbofan engines. The underlying reason for  t h e  
engine stems from its inherent design f 1 e x i b i l i r y ” t  
afforded through a small gas generator core i n  
t o  provide improved, f u e l  consumption and t h rus  

g ine  s i zk  is’ as important as weight. 
be i n s t a l l e d  on each a i rp l ane ,  and c 

weight are involvedi I f  twelve of more l i f t  engine@ are required per a i rp l ane ,  
i t  is  apparent t h a t  the  cos t  of these  engine”s w i l l  be a s i g n i f i c a n t  f a c t o r  i n  
t h e  t o t a l  a i rp l ane  cos t .  Since number of p a r t s  and components has an e f f e c t  on 
c o s t ,  there  is an incent iv  o reduce t h e  number of s tages  i n  the  f an  d r i v e  
turbine. 

1 

The foregoing considerations of V/STOL engine requirements suggest t h e  
following f an  d r i v e  tu rb ine  requirements: 

inimum number of s tages  ( sho r t ,  less c o s t ) .  

2. S m e  SFC penal ty  acceptable ( r e l a t i v e  t o  c ru i se  engine). 

These requirements, combined with t h e  low ro to r  speed (non-geared) imply 
a fan d r i v e  turbine with meanline average loading (gJAh/2CUp2) i n  the  2-2.5 
range, with e f f i c i e n c i e s  i n  the  80% t o  85% range f o r  l i f t  engine use. A fan  
d r i v e  turb ine  design of t h i s  type can r e s u l t  i n  a saving of 2-3 s tages  with 
minimum impact on l i f t  engine f u e l  consumed, while having a bene f i c i a l  e f f e c t  
on i n s t a l l a t i o n  weight, drag, 2nd cos t .  Since no test r e su l t s  are known t o  
e x i s t  f o r  t h i s  type of tu rb ine ,  the need t o  design, bu i ld ,  and test a vehic le  
is apparent. 

The s p e c i f i c  ob jec t ive  bf t h i s  program is  t o  design, bu i ld ,  and test a 
very highly loaded four-stage fan  d r i v e  turb ine  with o u t l e t  turning vanes. 

This is an eighteen-month a n a l y t i c a l  and perimental i nves t iga t ion  
program t o  provide very high aerodynamic loading technology f o r  f an  d r i v e  
turbines.  The technology w i l l  be s p e c i f i c a l l y  appl icable  t o  multi-stage 
configurations f o r  advanced high bypass r a t i o ,  d i r e c t  l i f t  turbofan propulsion 
system appl ica t ions .  

The program w a s  divided i n t o  two phases encompassing n ine  task  i t e m s  
of a c t i v i t y .  The f i r s t  phase covers Task Items I and TI of t h i s  program 
which are the  Velocity Diagram Study and Turbine D e s i  n 
t a sks  include the  following sub-tasks: 

respec t ive ly  a These 

Inves t iga t e  parametric turb ine  ve loc i ty  diagram s t u d i e s  

Sele‘ct one design f o r  building and t e s t i n g  

Complete a de ta i l ed  aearodyn i c  turb ine  design f o r  an ex i s t ing  
test r i g  

2 



0 Complete the  de t a i l ed  blading aerodynamic design f o r  t he  r i g  

0 

0 

0 

The second phase covers Task Items 111 through IX of t h i s  program t o  

Perform de ta i l ed  blading mechanical design f o r  t h e  test r i g  

Perform the turb ine  test r i g  mechanical design 

Prepare the  turb ine  test r i g  modification drawings. 

f ab r i ca t e ,  procure v ib ra t ion  bench test, f a t igue  endurance test and inspect  
the turbine r i g  modifications,  t o  instrument and c a l i b r a t e  t he  r i g  vehic le ,  
t o  conduct a test program, and t o  repor t  progress,  ana lys i s ,  and design, as 
w e l l  as test and performance r e s u l t s .  

I 

The purpose of t h i s  report  is t o  present t h e  Task I ve loc i ty  diagram study 
r e s u l t s  and the  Task 11 de ta i l ed  design of t he  turbine.  

111. Preliminary Design 

A. Requirements 

The fan d r ive  turbine invest igated i n  t h i s  program has the  following 
design requirements: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Constant p i t c h  diameter 

Nuplber of s tages  

Equivalent weight flow 

I n l e t  swirl angle 

E x i t  s w i r l  angle with turning 
vanes 

Velocity leaving o u t l e t  turning 
vanes r e l a t ed  t o  i n l e t  cr i t ical  
ve loc i ty  

D-Factor of o u t l e t  turning vanes 
a t  mean radius  

Average mean radius  loading 
(gJAh/22Up2) 

Equivalent s p e c i f i c  work 

w 5 / p T  a t  i n l e t  

19.00 in.  (48.20 an.) 

1 
4-2 

25.07 lbm/sec. (11.37 kg/sec. ) 

0.0 degrees 

0.0 degrees 

0.376 

0.4 

2.5 

25. BTU/lbm (6024 .32 joules/,eg) 

2 38.84 lbm-OR/sec-Lbf/in 
(25.55 kg-OR/sec-n/cm2) 

95.33 

3 



0 Equivalent mean blade speed 180 f t / s e c  (54.86 m/sec) 
(constant f o r  a l l  s tages)  

B. Design Studies 

1. Flowpath and Velocity Diagram Studies 

A ve loc i ty  diagram study w a s  made t o  show t h e  r e l a t ionsh ips  among t h e  
turb ine  design options such as s t age  energy s p l i t  and s t age  leaving s w i r l  f o r  
t he  turb ine  requirements. 

The flowpath shape w a s  spec i f ied  t o  have a constant mean radius.  The 
i n l e t  and exit annulus areas were calculated t o  correspond t o  an  i n l e t  Mach 
number of 0.30 and an exit Mach number of 0.36. 
diagram parametric study w a s  made i n  which s tage  energy e x t r a c t i o n  and s t a g e  
leaving s w i r l  w a s  varied.  
vane of 0 . 4  spec i f ied  as one of t h e  design requirements and t h e  exit Mach number 
known, a va lue  f o r  t h e  s o l i d i t y  of t he  o u t l e t  turning vane was  determined f o r  
each tu rb ine  exit  s w i r l  ca lcu la ted  a t  the p i t c h l i n e  (Reference 1). With t h e  
p i t c h l i n e  turb ine  exit s w i r l  known, a parametric study w a s  made varying, t h e  
d i s t r i b u t i o n  of the  a v a i l a b l e  energy among t h e  s tages .  The r e s u l t s  of t h i s  
study showed t h a t  w h a t  appeared t o  be the bes t  conf igura t ion  w a s  to l e t  t h e  
s t age  p i t c h  aerodynamic loading (gJAh/2ZUpP) be approximately equal f o r  s t age  
one, two, and th ree  with t h e  s t age  four  loading less than the previous s t ages  
but loaded high enough t o  prevent flow d i f fus ion  i n  the  nozzle t i p  sec t ion .  

A f r e e  vortex v e l o c i t y  

With a p i t c h l i n e  D-factor f o r  t he  o u t l e t  turning 

A concern f o r  such high aerodynamic loading is t h e  high o v e r a l l  blade 
turning which r e s u l t s .  
turbine unnecessarily with high turn ing  blading, t he  exit axial Mach numbers 
from s t ages  one, two, and th ree  were designed t o  be approximately 0.35: 

To keep the  turning reasonable and not pena l ize  the  

To inves t iga t e  the  blade turning i n  more d e t a i l ,  the  e f f e c t  of streamline 
s lope  and curvature on the ve loc i ty  diagram w a s  ca lcu la ted .  
by an ana lys i s  which s a t i s f i e d  the  r a d i a l  equilibrium equation which takes  
i n t o  e f f e c t  t he  changes i n  annulus taper and blade thickness blockage gradien ts .  
This method of ana lys i s  is explained i n  d e t a i l  i n  Section 111-C. Figures 1, 
2, 3, and 4 show the  comparison between the  angles with t h e  e f f e c t  of streamline 
s lope  and curvature and t h e  free-vortex angles. The genera l  trend shown f o r  
t he  ve loc i ty  diagram angles is t h a t  t he  e f f e c t  of s t reaml ine  slope and curvature 
can change the  angle from the  free-vortex so lu t ion  by an  amount up t o  3 O .  The 
e f f e c t  is  much less pronounced i n  s tage  4 ,  as might be expected, s ince  s t a g e  4 
has c y l i n d r i c a l  end walls through t h e  ro to r .  

This w a s  accomplished 

For t h e  ve loc i ty  diagram ca lcu la t ions ,  an e f f i c i ency  w a s  ca lcu la ted  on t h e  
bas i s  of the  following assumptions: 

a) A l l  s t ages  had test f ac to r  equal t o  0.96. The test f a c t o r  i s  
defined as t h e  r a t i o  of t h e  turb ine  required energy ex t r ac t ion  t o  
t he  ve loc i ty  diagram energy ex t rac t ion .  

b) Nozzle e f f i c i e n c i e s  were assumed t o  be 0.97 f o r  s t age  one and 0.96 
f o r  s t ages  two, t h ree ,  and four. 

4 



c) Nozzle i n l e t  pressure recovery f a c t o r s  were assumed equal t o  0.97. 

d )  Rotor e f f i c i e n c i e s  were assumed equal t o  0.95. 

The ca lcu la ted  e f f i c i ency  changes of t h e  va us  v e l o c i t y ~  diagram 
configurations would then be due t o  changes i n  s 
k i n e t i c  energies,  

o r  and r o t o r  leaving 

2. Out le t  Turning Vane Design 

The o u t l e t  turning vanes are d i f fus ing  sec t ions  and r equ i r e  design tech- 
niques t h a t  are d i f f e r e n t  from tu rb ine  vane design. 
were t h a t  t he  p i t c h l i n e  d i f f u s i o n  f a c t o r  @-factor) was equal t o  0.40, t h e  
flow leaving was axial, and the  v e l o c i t y  leaving r e l a t e d  t o  i n l e t  c r i t i ca l  
ve loc i ty  w a s  0.376. 

The design requirements 

The d i f f u s i o n  f a c t o r  is defined i n  "Aerodynamic Design of Axial-Flow 
Compressors-Revised", (Reference 1 )  as D = (1 - V2/V1) + AVe/2uV1 which can 

a l s o  be represented compressibly as D - 1 - [ M z ~ / M z ~ ] -  2'(y+l) cos 81 + 1/20 s i n  ~1 
i f  the exit angle from the  turning vanes is axial. 
leaving angle spec i f ied  and the  axial Mach number ca lcu la ted  leaving t h e  o u t l e t  
turning vanes, a parametric study was made of D-factor versus s o l i d i t y  and 
pressure l o s s  versus D-factor at  var ious  values of enter ing  angle and axial  
Mach number i n t o  t h e  o u t l e t  turning vanes. These values were a func t ion  of 
the  s tage  four  energy ex t rac t ion .  
using co r re l a t ions  of annular cascade da ta  contained i n  re ference  1, and 
were used f o r  t h e  design case s tud ie s .  
performance, pressure lo s ses  were estimated as a function of incidence angle. 
Figure 5 shows t h e  predicted pressure  l o s s  ac ross  t h e  o u t l e t  turning vane as 
a func t ion  of blade incidence angle. 

With t he  D-factor and 

The pressure l o s s  es t imates  were obtained 

For off-design o u t l e t  turning vane 

On the  b a s i s  of the  p i t c h l i n e  requirement of t he  D-factor equal t o  0.4 
and the  fou r th  s t age  exit s w i r l  g rad ien t  determined from hub t o  t i p  f o r , t h e  
most promising turb ine  ve loc i ty  diagrams, t he  o u t l e t  guide vane w a s  then 
designed. 
such t h a t  t h e  d i f f u s i o n  OD the  suc t ion  sur face  w a s  held t o  a minhum with the  
ve loc i ty  d i s t r i b u t i o n  on t h e  suc t ion  sur face  l i n e a r  in  dece lera t ion  from 
leading edge t o  t r a i l i n g  edge. 
parametric s tud ie s  were made a t  hub and t i p  t o  determine t h e  D-factor f o r  the  
minimum l o s s  across t h e  o u t l e t  turning vanes. This corresponds qu i t e  c lpse ly  
t o  an o u t l e t  turning vane with constant axial width. 

The bas ic  design philosophy used was t o  design the  blade shapes 

Consistent with t h e  p i t c h l i n e  ca lcu la t ion ,  

* 

3. Turbine and Outlet Turning Vane Compatibility 

Figures 6 and 7 combine the  turb ine  ve loc i ty  diagram and o u t l e t  turning 
vane s tud ie s .  
design and not the  f i n a l  design as presented i n  t h e  repor t .  
values f o r  t h e  e f f i c i ency  do not agree w a c t l y  with the  f i n a l  design, t he  f igures  
do show the  co r rec t  trends expected. 
t o t a l - to - to t a l  e f f ic iency  trends f o r  a turb ine  design with and without the  
o u t l e t  turning vane loss .  

These r e s u l t s  w e r e  a parametric study f o r  an earlier similar 
Although the  

Figure 6 shows the  f r e e  vortex turbine 

The curve represents a turb ine  design i n  which the 

5 



fou r th  s t age  exit swirl is var ied  by changing the  s t age  energy ex t r ac t ion ,  
maintaining a constant reac t ion .  
t he  f i r s t  t h ree  s tages .  
a x i a l  Mach number and i n l e t  and exit angles t o  t h e  o u t l e t  turning vane known, 
an o u t l e t  turning vane pressure l o s s  estimate was made. 
w a s  then put i n  terms of a to ta l - to- to ta l  e f f i c i ency  decrement which w a s  
subtracted from the  four  s t age  to t a l - to - to t a l  t u rb ine  e f f i c i ency .  
shows the  i n t e r e s t i n g  r e s u l t  that f o r  a given D-factor t he re  is  a given fou r th  
s t age  exit swirl angle corresponding with a s t age  energy ex t r ac t ion  s p l i t  t h a t  
appears t o  g ive  a maximum turb ine  e f f ic iency .  

The remaining energy is d i s t r i b u t e d  among 
With the  D-factor a t  t h e  p i t c h  equal t o  0.4 and the  

The pressure  l o s s  

The curve 

Figure 7 shows another i n t e r e s t i n g  trend concerning the  va lue  of D-factor. 
This curve is exac t ly  t h e  same as Figure 6 except a constant p i t c h l i n e  D-factor 
of 0.5 w a s  considered. 
s t age  exit  swirl the  maximum turb ine  to t a l - to - to t a l  e f f i c i ency  occurs a t  
increasing va lues  of D-factor, at  least for  t he  range studied here. 

This curve shows t h a t  f o r  increasing va lues  of fou r th  

On the  b a s i s  of these ve loc i ty  diagram s t u d i e s ,  it appeared t h a t  t h e  most 
promising turb ine  would be one wi th  a s tage  energy s p l i t  (Ah stage/Ah turb ine)  
of 28.5% on s t age  one, 26.5% on s tage  two, 26.0% on s t age  th ree ,  and 19.0% on 
s t age  four.  The corresponding s t age  aerodynamic loading (gJAh/ZCU 2 )  is  2.85, 
2.65, 2.60, and 1.90 a t  the  p i t c h  on s tages  one, two, t h ree ,  and four 
respec t ive ly .  The design se lec ted  has a fou r th  s tage  p i t c h l i n e  exit s w i r l  of 
35.5' and a ca lcu la ted  to t a l - to - to t a l  e f f ic iency  of 84.05% f o r  t h e  four and one 
half  ( 4  s t ages  p lus  t h e  o u t l e t  turning vane) s tage  turbine.  A summary of t h e  
ve loc i ty  diagram ca lcu la t ion  r e s u l t s  f o r  t he  44 s t ages  is shown i n  Table I, 
and a desc r ip t ion  of t he  parameters f o r  the blading design is presented i n  
Tables I1 through X. 
ve loc i ty  diagrams are shown i n  Figure 9 and 10. 

P 

The ve loc i ty  diagram nomenclature and f i n a l  design 

C. Quasi - Three Dimensional Flow Calculation 

The quasi-three dimensional flow ana lys is  through the  tu rb ine  w a s  
performed with the  a i d  of a d i g i t a l  computer program which descr ibes  t h e  
axisymmetric flow f i e l d  i n  the  region of turbomachinery blading. The ove ra l l  
ca l cu la t ion  scheme of t h e  computer program is summarized here. The flow is 
considered a t  a number of a x i a l  s t a t i o n s ,  and t h e  radial-equilibrium equation, 
energy equation, and cont inui ty  condition are employed a t  each of them t o  
determine t h e  d i s t r i b u t i o n  of flow proper t ies  from hub t o  t i p .  
however, t h a t  these  d i s t r i b u t i o n s  obtained sepa ra t e ly  a t  each s t a t i o n  be 
cons is ten t  from s t a t i o n  t o  s t a t i o n ,  and t h a t  t he  r a d i a l  acce le ra t ion  which a 
f l u i d  p a r t i c l e  undergoes' as it  passes from s t a t i o n  t o  s t a t i o n  be accounted 
f o r  i n  the  radial-equilibrium equation. This is done by assuming t h a t  t h e  
shape of a meridional streamline is adequately represented by a s p l i n e  
constrained a t  each axial s t a t i o n  cons is ten t  with t h e  cont inui ty  condition, 
and a t  upstream and downstream boundary s t a t i o n s  by a se lec ted  o r i e n t a t i o n  
and shape. The r a d i a l  acce le ra t ion  is expressed i n  terms of the  meridional 
streamline s lope  and curvature. 

It  is  necessary, 

6 



An iterative method of so lu t ion  is implied. Meridional s t reaml ine  shapes 
are assumed based on r e s u l t s  from the  previous i t e r a t i o n ,  and flow d i s t r i b u t i o n s  
a t  each a x i a l  s t a t i o n  are found. These imply new meridional s t reaml ine  shapes, 
and t h i s  i t e ra t ive  ca l cu la t ion  is  allowed t o  continue u n t i l  t h e  changes i n  
streamline shapes between two successive ca l cu la t ions  are small enough t o  
s a t i s f y  a predetermined tolerance.  

A s i g n i f i c a n t  f ea tu re  of t h e  computer program is t h e  inc lus ion  of terms 
i n  the  radial-equilibrium equation which represent  t he  blade a c t i o n  by a 
d i s t r i b u t e d  body f o r c e  f i e l d  and t h e  blade thickness by d i s t r i b u t e d  blockage. 
The equation, which appears in Reference 3, wherein physical i n t e r p r e t a t i o n  
of t h e  ind iv idua l  terms is presented, is r e s t a t ed  here: 

(1) 
'rMu 

2 U 2 + Fr 
wrcz 

1 - M  
+ 

m 1 - M  m 
. 

The heat addi t ion  term has been omitted s ince ,  i n  the  absence of t r a n s i e n t s ,  
t he  blade sur face  and the  f l u i d  adjacent t o  i t  are a t  t h e  same temperature. 
As suggested i n  Reference 3, the  computer program includes a term t o  represent  
the  heating e f f e c t  of i n t e r n a l  f l u i d  f r i c t i o n ,  which encompasses a l l  l o s s  
sources including shock waves: 

w c  P 

1 - M  R 
r z  

2 
m 

The loss - ra te  c o e f f i c i e n t ,  w is  defined i n  Reference 3. z' 

The r a d i a l  and t angen t i a l  components of t he  blade fo rce  may be expressed 
i n  terms of the  axial  change i n  angular momentum by means of the  following 
r e l a t ionsh ips :  

c D(rCu) 
(3 1 z F = -  

u r Dz 

and 

Fr = FU tan  5 

By using the f a c t  t h a t  the  second de r iva t ive  of t he  meridional streamline shape 
can be r e l a t e d  t o  the  meridional streamline curvature,  l / r m ,  and trigonometry 
t o  relate ve loc i ty  components, equation (1) may be r ewr i t t en  as follows: 
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1 - MZ r 

The terms on the  right-hand s i d e  of equation 5 have been grouped such t h a t  t he  
f i r s t  set of braces includes terms which are present anywhere i n  the  flow 
f i e l d  while t he  second set of braces includes terms which occur only when 
ca l cu la t ions  i n s i d e  t h e  axial ex ten t  of a blade row are des i red .  
c a t i o n  of the  appl icable  input parameters, the  intrabladerow c a l c u l a t i o n  
may be performed i n  order t h a t  t he  e f f e c t s  of s t a t o r  lean  and sweep may be 
determined. 

By spec i f i -  

A t  each axial s t a t i o n  where the r o t a t i n g  bladerow is i n f l u e n t i a l ,  t he  
enthalpy of the  f l u i d  is r e l a t e d  t o  t h e  f l u i d  s w i r l  ve loc i ty  by the  energy 
equation which may be found i n  the following form i n  Chapter VI11 of 
Reference 1: 

The s t a t i c  condition of t h e  f l u i d  is described by the  use of the  equation 
of state, 

and the  s p e c i f i c  hea t s  are assumed t o  be constant. Application of the  
cont inui ty  condition i n  the  form found i n  Chapter VI11 of Reference 4, 

- 

i n  combination with the  previous four  equations y i e lds  a complete descr ip t ion  
of the  flow a t  each axial s t a t i o n .  With the flow f i e l d  completely described, 
loading parameters and fo rces  on the  blading and w a l l s  are calculated from 
s t a t i o n  d a t a  using geometric c h a r a c t e r i s t i c s  of the  system where required. 
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The quasi-three dimensional flow along the  blading su r faces  can now be 
ca lcu la ted .  Considering Figure 8 the  following equations can be wr i t t en  

C - G + i i  (9) 
2 r r  t =  ( 1 - A ) -  N 

1(1 - A) d r  - rdh]. 27l 2r d t  = ~d I(1 - A )  r] - -  
(10) 

or  

Ci rcu la t ion  is defined as l' -I v' d5. 

Therefore c i r c u l a t i o n  around AFDC can be wr i t t en  as 

N 

I- 

- (t + a t ) ]  + dr) 
= w ( r  + d r )  (t + d t )  + (Cu + dCu) rAFDC 

- cu (F - t )  - w r t  + Cds - Cds 

or  

2n = wd(rt) + N d (XrCU). 'AFDC 

Now consider t h e  c i r c u l a t i o n  around AFEB 
- - 

= C d s  - * dg + 3rt - w * (F + dF)(t  + d t )  r~~~~ p P S  S 

= W d s  - Wsdss + U d s  - U dsS + wd(rt). r~~~~ p p P P  s 

But U d s  - Usdss = -Udm(tan B - t a n  Bs). 

Therefore the  c i r c u l a t i o n  around AFEB can be wr i t t en  

P P  P 

- udm ( t an  B - t an  Bs) + wd(rt) (12) dm - d s  
ws cos BS P P 

'AFEB = 'p cos B 

AFEB and The c i r c u l a t i o n  around EDCB is equal t o  zero. Therefore rUDc = r  
s e t t i n g  (11) equal t o  (12) and reducing 
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By spec i f i ca t ion  of t he  appl icable  input parameters of blade camber, 
thickness d i s t r i b u t i o n ,  and meanline angle d i s t r i b u t i o n ,  with the  s o l u t i o n  
of equation 5, t h e  d i f f e rence  i n  t h e  ve loc l ty  between the  suc t ion  and pressure  
sur faces  can be obtained. 
are solved f o r  by adding one ha l f  of t h i s  d i f f e rence  t o  t h e  c i rcumferent ia l ly  
averaged so lu t ion  (equation 5) f o r  t h e  suc t ion  sur face  and subt rac t ing  one 
half  of t h e  d i f f e rence  from the  c i rcumferent ia l ly  averaged so lu t ion  f o r  t he  
pressure surface.  

The a c t u a l  v e l o c i t i e s  on the  respec t ive  su r faces  
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I V .  Blading Aerodynamic Design 

A. Selec t ion  of N u m b e r  of Vanes and Rotors 

Vane and r o t o r  s o l i d i t i e s  were determined through s e l e c t i o n  of Zweifel 
Numbers based on General Electric design experience using the  Zweifel loading 
c r i t e r i a .  The vane and r o t o r  axial widths and t h e  number of vanes and r o t o r s  
were set such t h a t  no performance l o s s  would be expected due t o  t r a i l i n g  
edge blockage 

After t he  vane and ro to r  axial widths had been determined, t he  aerodynamic 
flowpath w a s  f i n a l i z e d  and is presented i n  Figure 11. 

B. Blading P r o f i l e  Design 

The vane and r o t o r  t h r o a t  openings w e r e  ca lcu la ted  using t h e  following 
equations: 

ex h 
nd, i= ITD COS a1 ( q / C  ) - 

V ' h th  

ex h 
nd, = aD cos B2 ( K / C  - 

R R h th  

These equations w e r e  t h e  r e s u l t  of applying 

and 

the  l a w  of conservation of m a s s  
between the  th roa t  and downstream of each blade row. The terms f o r  these  
equations are shown i n  Figure 12. 

The vane and r o t o r  hub, p i t ch ,  and t i p  p r o f i l e s  were then generated with 
the  a i d  of a computer program i n  which t h e  sec t ion  coordinates are developed 
from a small number of numerical inputs.  An ana lys i s  of flow conditions 
through each blade sec t ion  passage w a s  conducted using an incompressible two 
dimensional p o t e n t i a l  flow cascade ana lys i s  computer program, and checked 
using a compressible two dimensional p o t e n t i a l  flow cascade ana lys i s .  
i t e r a t i o n s  on t h e  vane and r o t o r  s ec t ion  p r o f i l e s  w e r e  made u n t i l  s a t i s f a c t o r y  
v e l o c i t y  d i s t r i b u t i o n s  around each p r o f i l e  were obtained. 
shapes were analyzed by t h e  quasi-three dimensional compressible ana lys i s  
computer program. 

Design 

The f i n a l  blade 

C. Blade Stacking 

The vane hub, p i t c h ,  and t i p  sec t ions  f o r  s t ages  two, t h ree ,  and four 
stacked on t h e  minimum Y measurement on the  suc t ion  sur face  and t h e  axial 
width spaced such t h a t  the  vane axial sweep angle w a s  equal on t h e  leading 

were 

and t r a i l i n g  Ages .  
The center  of g rav i ty  w a s  ca lcu la ted  f o r  each r o t o r  hub, p i t c h ,  and t i p  sec t ion ,  
and t h e  stacking axis w a s  located t o  pass through each sec t ion ' s  cen ter  of 
grav i ty .  
i n  Tables I1 through X. 
vane and r o t o r  hub, p i t c h ,  and t i p  a i r f o i l  flowpaths and v e l o c i t y  d i s t r i b u t i o n s  
are shown i n  Figures 13 through 48. 

The s tage  one vane w a s  stacked on the  t r a i l i n g  edge. 

A summary of parameters descr ib ing  the  blading design is  presented 
Figure 12 descr ibes  these parameters. The f i n a l  
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A computer program w a s  employed t o  generate t h e  coordinates of the  sec t ions  
intermediate t o  t h e  hub, p i t c h ,  and t i p .  
30%, 70%, and 90% of t h e  t r a i l i n g  edge height f o r  each vane a 
coordinates were then used t o  generate the  prec is ion  masters required f o r  t he  
f ab r i ca t ion  of the  vanes and ro to r s .  
p rec is ion  masters are presented i n  Figures 48 through 57. Figures 58 through 
66 show t h e  stacked vane and r o t o r  s ec t ions  f o r  each blade row. 

Sections were i n t e r p  

Reduced copies  of t he  vane and ro to r  

I). Perf ormance 

The performance c h a r a c t e r i s t i c s  of t he  four-stage conf igura t ion  w a s  
predicted with the  a i d  of t he  "Analytical Procedure and Computer Program f o r  
Determining the  Off-Design Performance of Axial Flow Turbines" (Reference 2). 
Pressure  loss predic t ions  w e r e  made f o r  t h e  o u t l e t  turning vane as discussed 
earlier i n  Section 111-B-2. 

Four and one ha l f  s t a g e  tu rb ine  predicted performance maps are presented 
i n  Figures 67 through 71 as follows: 

Fig. 67 Equivalent torque vs. t o t a l - to - to t a l  pressure r a t i o  

Fig. 68. Equivalent weight flow vs. to t a l - to - to t a l  pressure r a t i o  

Fig. 69. Equivalent s p e c i f i c  work vs. t o t a l - to - to t a l  p ressure  r a t i o  

Fig. 70. Total-to-total  e f f i c i ency  vs.  blade-jet  speed r a t i o  

Fig. 71. Equivalent s p e c i f i c  work vs. weight flow speed parameter with 
l i n e s  of constant t o t a l - to - to t a l  pressure r a t i o ,  constant speed, 
and e f f i c i ency  contours.  

V . Mechanical Design 

A. Vibratory Behavior 

In  the  ana lys i s  of a t i p  shrouded blade the  fundamental question becomes 
one of chosing the appropr ia te  shroud boundary conditions fo r  both v ib ra to ry  
and steady-state operation. Conditions are genera l ly  chosen on the  b a s i s  of 
such f a c t o r s  as blade length  versus  d i s c  s t i f f n e s s ,  shroud conf igura t ion ,  e t c .  
Thus, several sets of conditions were chosen i n  an  attempt t o  simulate var ious  
modes of behavior. From those conditions,  the modes which seemed most l i k e l y  
t o  occur w e r e  extracted and are described below. 

1. Cantilevered Mode - Cantilevered a t  the  base of the  shank,, f r e e  a t  the  
t i p  shroud. 
steady-state t i p  shroud t w i s t  or untwist  and t o  obta in  lower bounds 
on c e r t a i n  resonant frequencies.  

This condition w a s  used only t o  determine the amount of 

2. Out of Phase Mode - Fixed a t  the  base 06 t h e  shank, pinned a t  the  t i p  
shroud. The f l exure  and to r s ion  modes obtained f o r  these  conditions 
w i l l  probably exist under operating conditions. 
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3 .  Wheel Mode - Fixed a t  the  base of the shank, res t ra ined  a t  the  t i p  shroud 
i n  a l l  d i r e c t i o n s  exc a x i a l l y .  Simulates ade behavior i n  a wheel mode. 
The f lexure ,  axial, a t o r s ion  modes f o r  these  condi t ions w i l l  

rat ing Conditions e 

4. - Fixed tit the base of the  k, adjacent  t i p  shrouds 

obtained f o r  these condi t ions may e x i s t  during turbine ojieration. 
stresses obtained f o r  t h i s  set of condi t ions are pro 
r e a l i s t i c .  

r e l a t i v e  t o  each other.  T i a l  and to r s ion  modes 
Steady 

Although the  above four cbnditions appear t o  yie ld  values  covering a wide 
range of f requencies ,  t he  r e s u l t s  are' q u i t e  - cons i s t en t  and have been reduced 
t o  a set of "Most Probable Frequencies of Vibration" as shown an Campbell 
Diagrams i n  Figures 72 and 75 and tabulated below. , 

The following t a b l e  summarizes the  most probable modes of v ib ra t ion  of the  
var ious  s t ages  based upon 120% design speed (3153 rpm). Most of the modes w i l l  
exh ib i t  a change i n  frequency with speed due t o  the  temperature e f f e c t  and 
cen t r i fuga l  s t i f f e n i n g .  The r e s u l t s ,  however, w i l l  remain e s s e n t i a l l y  t h e  
same. 

Mode - Stage 2 Stage 3 Stage 4 

F i r s t  Flexure -- 3711 Hz 2342 Hz 1421 Hz 
F i r s t  Axial 2012 Hz 1347 749 664 
F i r s t  Torsional I 3292 25 04 2235 
Second Flexure -- -- 2756 4078 
Second Torsional -c _- 4487 

Estimated v ibra tory  c a p a b i l i t i e s  are summarized i n  Table X I .  

The v ib ra to ry  behavior as summarized by s tage  is presented as follows: 

e Stage One 

There is  no ind ica t ion  of resonance (l/rev, 2/rev,  3/rev,  e t c . )  with 
any lower order v ib ra to ry  mode within the operat ing range of 80% t o  120% 
design speed of 3638 RPM. 
axial mode which is exci ted by nozzle passing frequency a t  about 80% of 
design speed. Due t o  the  low exc i t a t ion  experfenced i n  an a i r  turbine a t  
low RPM and the  high v ibra tory  allowable stresses predicted fo r  t h i s  s t age ,  
t h i s  resonance should not present  a problem. Furthermore, without a s t rong  
exc i t a t ion ,  l i k e  a lower order resonance, an a x i a l  mode is  hard t o  dr ive .  

See Figure 72. The only probable mode is a f i r s t  

e Stage Two 

As depicted on Figure 73, the s tage  two blade has two resonant f requencies  
excited by nozzle passing frequency between 100% and 120% design speed. 
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Usually t h i s  would be cause f o r  concern. 
t he  l e v e l  of v ib ra to ry  stress would be low f o r  t h i  
frequency f o r  t he  f i r s t  f l e x  and f i r s t  t o r s ion  mod 
stresses, an ind ica tor  of t h e  level of separated f 
the  order of 6.5 KSI. Since the re  are no lower or 
t he re  is no ind ica t ion  of a se r ious  v ibra tory  stress problem f 
blade. 

Pas t  design experience shows t h a t  

e Stage Three 

As depicted on Figure 74, t h e  s t age  t h r e e  blade has t h r e e  resonant 

The uncorrected gas bending stresses are on t h e  order of 9.0 KSI 
frequencies t h a t  are exc i ted  by nozzle passing frequency between 80% and 100% 
design speed. 
which is low and t h e  v ib ra to ry  response should be low. 
problem is  ant ic ipa ted  with t h e  s tage  t h r e e  blade. 

No v ib ra to ry  stress 

e Stage Four 

The s t age  four blade has one resonant frequency near 120% design speed a t  
nozzle passing frequency. As shown i n  Figure 75, second f l e x  is a poss ib le  
mode of v i b r a t i o n  and due t o  blade t o  blade v a r i a t i o n s ,  second to r s ion  might 
be ac t iva ted  by nozzle passing frequency. 
v ib ra t ions  and due t o  t h e  low level of e x c i t a t i o n  i n  air turb ine  as compared t o  
an a c t u a l  engine, no strong response is an t i c ipa t ed .  Furthermore, t he  
uncorrected gas bending stresses are on the order of 9.8 KSI, which ind ica t e s  
a low level of separated flow v ib ra to ry  response. 
depicted on Figure 93 are ac t iva t ed  by nozzle passing frequency low i n  t h e  
speed range and should experience no l imi t ing  v ib ra to ry  stresses. 

These are second order modes of 

The other t h ree  modes 
, 

B. Steady S t a t e  Behavior 

Steady-state mechanical stresses were ca lcu la ted  f o r  t he  Free S l i p  t i p  
shroud boundary conditions.  
realist ic f o r  steady-state operation. The stresses (cen t r i fuga l  and gas 
bending) were found t o  be q u i t e  low f o r  a l l  four s tages .  
stress r e s u l t s  are presented i n  Table XI. 
t h a t  the  shrouds on the  f i r s t  and second s t ages  tended t o  unlock by a small 
amount ( . 0 0 5 O  and .03O r e spec t ive ly ) ,  and the  t h i r d  and fou r th  s tages  tends 
t o  lock up by a small amount ( .06 ' ) .  
very l i t t l e  t w i s t  o r  untwist  i n  the  c e n t r i f u g a l  f i e l d .  
s tages  lock  up, 0.5" of pre twis t  was designed i n t o  a l l  t he  blading. 

These conditions were f e l t  t o  be t h e  most 

The s teady-s ta te  
The mechanical ana lys i s  indicated 

This ana lys i s  showed t h a t  the  blades had 
To insure  t h a t  a l l  the  

C. Key Detail Drawings 

The mechanical design flowpath f o r  the  a i r  turb ine  test r i g  is shown i n  
Figure 76. Key d e t a i l  drawings used f o r  t h e  assembly of t he  test r i g  are 
l i s t e d  i n  Table XII. 
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LIST OF SYMBOLS 
i 

A 

AW 

cf 
D 

d 
0 

di 

hex 

Ah 

E 

h th  
M 
N 
n 

P 
S 

pT 

T~~~ 

S 
T 

TT 
t 

te 

m a x ,  t 

U 

2 Area (in.  , ~ m . ~ )  

Axial width (in., cm. ) 
Flow csef f icient 

D i a m e t e r  ( in . s  cm.) 

Throat dimension (in., em.) 

I n l e t  t h roa t  dimension ( in . s  an.) 

Turbine energy ex t r ac t ion  (BTlJ/lbm, joules/kg. ) 

Turbine energy ex t r ac t ion  (BTU/lbm, joules/kg.)  

Height a t  blade row exit ( in . s  an.) 
Height at  blade row th roa t  ( in . ,  cm.) 
Mach number 

Rotat ional  speed (rev/min.) 

Number of vanes or r o t o r s  
L S t a t i c  pressure (ps ia ,  newtons/cm. ) 

Total  pressure (psia,  newtons/cm. ) 

Blade temperature a t  hub leading edge (OF) 

Stat ic  temperature ( O R )  

Total  temperature (OR) 

Spacing (in., cm.) 

Tra i l ing  edge thickness  (in. ,  cm.) 

Maximum thickness  ( in . ,  cm.)  

Wheel speed (f t/sec . , m/sec. ) 

Mass flow rate ( f t / s e c ,  m/sec) 

Rela t ive  Velocity ( f t / s e c ,  m/sec.) 

Loss rate coe f f i c i en t  

Vane i n l e t  absolute  flow angle (degrees) 

2 

Vane exit absolute  flow angle (degrees) 

Rotor i n l e t  r e l a t i v e  flow angle (degrees) 

Rotor exit r e l a t i v e  flow angle (degrees) 

Meridional angle;  t an  @ = Wr/Wz 

Stage leaving s w i r l  angle (degrees) 

16 



LIST OF SYMBOLS (Continued) 

5 
lJ 

i 

nR 
n~~ 
nV 

r 
V 

Q 

Q 

Q 

Q 

U 

C 

LE 

TE 

Hi-c 

Q Midcv 

h i  Q 

Q mi 

r 

Jlzwei 
gJAhl2LCu 

E/Bcr 

eq 

w&- E / 6  

N / E  c r  

WNE 
606 
- 

Rotor or  vane lean angle (degrees) 

Angle of a t t a c k  of outlet turning vane 
Incidence angle of outlet turning vane (degrees) 

Chord angle  of o u t l e t  turning vane (degrees) 

Deviation angle of o u t l e t  turning vane (degrees) 

Ratio of turbine pressure t o  pressure a t  standard sea level 

condi t i ons  

Rotor e f f ic iency  

Total-to-total  e f f ic iency  

Vane ef f i c  ienc y 

Blade-jet speed r a t i o  

Ci rcu la t ion  

S t r e s s  (hi, newtons/cm 1 
Centr i fugal  stress (ksi ,  newtons/cm ) 

S t r e s s  at  r o t o r  leading edge (hi, newtons/- ) 
2 S t r e s s  a t  r o t o r  t r a i l i n g  edge (ksi ,  newtons/cm ) 

S t r e s s  a t  maximum dis tance  from a x i s  of least moment 

of i n e r t i a ,  convex surface (ks i ,  newtons/cm ) 

Stress a t  maximum disfance from a x i s  of least moment 
2 of i n e r t i a ,  concave surface (ks i ,  newtonsjcm ) 

S t r e s s  due t o  bending moment about axis of least moment 
2 of i n e r t i a  (lesi, newtons/cm ) 

Stress due t o  bending moment about axis of maximum 
moment of i n e r t i a  (ksi, newtons/cm ) 

Equivalent torque (f t-lbf , m-newtons) 

Zweifel number 

Loading f ac to r  

Equivalent s p e c i f i c  wotk (BTU/lbm, joules/kg. ) 

Equivalent weight flow (lbm/oec, lcg/sec) 

Equivalent r o t a t i v e  speed (rev/min) 

Weight flow - speed parameter 

2 

2 

2 

2 

2 

17 



E 

OCr 

A 

S (Concluded) 

Function of spec i f i c  heat rat io  

Squared rat io  of c r i t i c a l  v e l o c i t  t turbine i n l e t  

to  c r i t i c a l  ve loc i fy  at  standard sea l eve l  temperature 

o of open circumference to  total circumference 

18 



TABLE I. VELOCITY DIAGRAM CALCULATION RESULTS 

OVERALL PERFORMANCE 

Aerodynamic loading a t  mean radius 

In le t  flow function; w E / p T  
To 0 

Total-to-total pressure rat io;  P /PT (ps i )  
To 2 

Total-to-static pressure ra t io ;  P /Ps (ps i )  
To 3 

Total-to-total e f f i c i e n c y ;  n 
TT 

Weight €low-speed parameter; w N ~ / 6 0 8  

Wheel speed; RPM 

Equivalent rotat ive speed; N/ Je'-- cr 

Work extraction; Ah (Btu/Lbm) 

Equivalent specif ic  work; 

2.5 

38.8 

2.70 

2.96 

84.05% 

908.6 

2628.1 

2173.5 

37.85 

25.88 
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Table I (Continued) 

STAGE 1 

Nozzle 

i 

Rotor 

Stat ion 

In1 et 

Exit 

In let  ' 

Exit 

Parameter 

a (degrees) 

Hub - 

i6.52 
760.0 
30.0 
746.7 
28.18 
0.300 
0.0 

Dia (inches) 16.32 
TS (" R) 672.2 
Ps (ps i )  19.13 
M 0.815 
a (degrees) 63.80 

Dia (inches) 16.27 
Relative TT (OR) 734.3 
Relative PT ( p s i )  26.16 
Relative M 0.684 
B (degrees) 57.7 

Dia (inches) 16.12 
Relative M 0.718 
B (degrees) ' 60.0 
Ah (Btu/Lbm) 10.91 
Reaction 0.091 

Pitch 

19.00 
760.0 
30.0 
746.7 
28.18 
0.300 
0.0 

19.00 
690.3 
21.07 
0.716 
60.4 

I 

19.00 
735.3 
26.35 
0.571 
51.3 

19.00 
0.678 
56.8 
10.90 
0.209 

Tip 

21.48 
760.0 
30 .O 
746.7 
28.18 
0.300 
0.0 

21.68 
702.0 
22.48 
0.647 
57.5 

21.73 
736.5 
26.54 
0.492 
44.1 

21.88 
0.657 
55.2 
10.88 
0.303 
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Table I (Continued) 

STAGE 2 

Hub - Blade Sta t ion  P arame t er 

Nozzle I n l e t  D i a  (inches) 16.04 

Exit D i a  ( inches) 

TS (" R) 

ps (p s i )  
M 

a (degrees) 

Rotor I n l e t  D i a  (inches) 

Relative TT (" R) 

Relative PT (ps i )  

Relative M 

13 (degrees) 

Exi t  D i a  (inches) 

Relative M 

B (degrees) 

Ah (Btu/Lbm) 

Reaction 

714.9 

23.15 

668.9 

18.47 

0.592 

54.3 

15.75 

635.3 

14.91 

0.796 

61.8 

15.65 

691.7 

20.13 

0.669 

57.2 

15.45 

0.706 

60.0 

9.92 

0.095 

P i t ch  

19.00 

715.0 

23.25 

675.2 

19.16 

0.534 

47.8 

19.00 

653.6 

16.61 

0.689 

58.2 

19.00 

692.6 

20.38 

0.541 

49.3 

19.00 

0.663 

56.1 

9.98 

0.224 

Tip 

21.96 

715.2 

23.33 

682.1 

19.91 

0.498 

46.5 

22.25 

664.8 

17.73 

0.619 

54.6 

22.35 

693.9 

20.63 

0.458 

40.5 

22.55 

0.645 

54.6 

10.06 

0.330 
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Table I (Continued) 

STAGE 3 

Blade S t a t  ion  Parameter 

Nozzle I n l e t  D i a  (inches) 

TT (" R) 

PT (ps i )  

Ps (ps i )  

TS (" R) 

a (degrees) 

Exit D i a  (inches) 

TS (" R) 

M 
Ps (psi)  

a 

Rotor I n l e t  D i a  (inches) 

Relat ive TT (" R) 

Relative PT (psi) 

Relat ive M 
B (degrees) 

Exit  D i a  (inches) 

Relat ive M 
B (degrees) 

Ah (Btu/Lbm) 

Hub  - 

15.28 

674.0 

17.89 

631.9 

14.38 

0.582 

54.2 

14.88 

594.3 

11.22 

0.821 

62.6 

14.70 

651 - 8 

15.53 

0.700 

59.1 

14.40 

0.760 

62.8 

9.73 

React ion  0.132 

P i t ch  

19.00 

673.7 

18.02 

638.8 

15.08 

0.512 

46.1 

19.00 

617.0 

12.98 

0.680 

58.0 

19.00 

652.3 

15.79 

0.525 

49.3 

19 .oo 
0.689 

57.4 

9.84 

0.279 

22.72 

673.4 

18.10 

645.1 

15.71 

0.474 

41.8 

23.12 

628.4 

14.02 

0.597 

55.1 

23.30 

652.9 

15.99 

0.420 

39.2 

23.60 

0.664 

58.2 

10.36 

0.393 
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Table I (Continued) 

STAGE 4 

B 1 ade S ta t ion  Parameter 

Nozzle I n l e t  D i a  (inches) 

TT (" R, 

PT (ps i )  

Ts (" R) 

Ps (ps i )  
M 

01 (degrees) 

Exit  

Rotor I n l e t  

Exi t  

D i a  ( inches) 

TS  (" R) 

Ps (ps i )  
M 

a (degrees) 

D i a  (inches) 

Relative TT (" R) 

Relative PT (ps i )  

Relative M 

B (degrees) 

Dia (inches) 

Relative M 

B (degrees) 

Ah (Btu/Lbm) 

React ion 

Hub - 

14.23 

633.7 

13.67 

586.4 

10.50 

0.639 

57.4 

13.90 

577.1 

9.65 

0.702 

61.6 

13.90 

616.6 

12.18 

0.587 

55.2 

13.90 

0 596 

53.3 

6.91 

0.051 

P i t c h  

19 .oo 
632.9 

13.82 

597.3 

11.38 

0.534 

47.4 

19 .oo 
594.6 

10.93 

0.569 

53.1 

19.00 

617.2 

12.46 

0.437 

39.3 

19 .oo 
0.575 

49.6 

7.03 

0.300 

Tip 

23.77 

631.0 

13.82 

604.3 

11.98 

0.474 

41.8 

24.10 

601.7 

11.55 

0.494 

48.2 

24.10 

617.0 

12.62 

0.357 

22.1 

24.10 

0.573 

49.7 

7.24 

0.435 
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Table I (Concluded) 

OUTLET TURNING VANE 

S t a t i o n  Parameter 

I n l e t  Dia (inches) 

TT (" R) 

Ts (" R) 

pi 

a (degrees) 

PT (psi) 

Ps (ps i )  

a (degrees) 

Hub - 

13.90 

605.1 

11.176 

575.9 

9.46 

0.494 

44.3 

13.90 

605.1 

10.913 

590.8 

10.041 

0.347 

0.0 

Pitch 

19.00 

603.0 

11.256 

577.6 

9.75 

0.458 

35.5 

19.00 

603.0 

11 * 110 

588.8 

10.222 

0.347 

0.0 

Tip 

24.10 

601.1 

11.309 

579.4 

10.0 

0.423 

29.3 

24.10 

601.1 

11.112 

587.0 

10.224 

0.347 

0.0 

24 



TABLE 11. STAGE ONE VANE DESIGN DATA 

TIP - PARAMETER UNITS HUB PITCH - 
in .  (a) 

D i a .  ( T . E . )  16.32 (41.45) 19.00 (48.26) 21-68 (55.07) 

ctl (Degrees) 63.80 60.4 57.5 

+zwei 8 

t .916 (2.33) 1.066 (2.71) 1.216 (3.09) 

n 56 56 56 

Incompressible .724 .812 .776 

AW 1.013 (2.57) 1.142 (2.90) 1,445 (3.67) 

ndo (Cf=.975, 11~m.97) 23.01 (58.24) 

= ndo/n .411 (1.04) 

.02 (005 )  

te/ (te+do)- .046 

chord 1.431 (3.63) 

m a x  thickness .153 (.387) tmax 
Unguided Turning (Degrees) 7.5 

Overturning (Degrees ) 1.6 

Wedge Angle (Degrees) 6.0 

Precision Master No. 4013164-009, 010 

27.89 

.498 

.02 

.039 

1.627 

,177 

8.5 

1.8 
6.9 

(70.56) 36.74 (93.52) 

(1.26) .656 (1.67) 

( *  05) .02 (905) 
.030 

(4.13) 1.828 (4.64) 

(.450) .ZOO (.508) 

9.2 

2.2 

7.2 
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LE III, STAGE TWO VANE DESIGN DATA 

HUB - PARAMETER UNITS 

in.  (cm) 

D i a .  (T.E.) 15.80 (40.13) 

a (Degrees) 61. $0 

Jlzwei 
AW 1,052 (2.67) 

t -689 (1.75) 

n 72 

1 
Incompressible .904 

(Cf = ,975, rlV = .96) 23.83 (60.55) 
ndO 

d = ndo/n .331 (.841) 
0 

te .02 (a051 
.057 

1.100 (2.79) 

t , max thickness .120 (.305) 

Unguided Turning (Degrees) 12.1 
max 

Overturning (Degrees) 2.2 

Wedge Angle (Degrees) 4.6 

Precis ion Master No.  4013164-011, 012 

PITCH 

19.00 

58.20 

.872 
1.455 

I 829 

72 

32.04 

.445 

.02 

.043 

1.516 

.139 

11.5 

2.7 

4.8 

(48.26) 

(3.70) 

(2.11) 

(3.85) 

(. 353) 

TIP - 

22.26 

54.60 

853 

1.858 

.971 

72 

41.33 

.574 

* 02 

.033 

1.930 

.158 

8.6 

1.8 

4.8 

(56.54) 

(4.72) 

(2.47) 

(105.12) 

(1.46) 

( *  05) 

(4.90) 

(. 401) 
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TABLE I V .  STAGE THREE VANE DESIGN DATA 

HUB - PARAMETER UNITS 

in .  (cm) 

D i a .  (T.E,) 

ct (Degrees) 

'zzwei 9 

AW 

1 
I n  comp res s i b  le 

t 

n 

ndo (Cf = .975, 0 

d = ndo/n 

t 

= .96)  
V 

0 

e 

chord 

14.90 (37.85)  

62.60 

.874 

1.052 (2.67)  

-709 (1.80)  

66 

21.91 (55.64) 

,332 ( .843)  

.02 ( - 0 5 )  

.OS7 

1.125 (2 .86)  

max th i ckness  .120 ( .305)  tmax 9 

Unguided Turning (Degrees) 10.6 

Overturning (Degrees) 1.6 

Wedge Angle (Degrees) 5.0 
P rec i s ion  Master No. 4013164-013, 014 

TIP  - PITCH 

19 e 00 

58.00 

.a63 

1.566 

.904 

66  

32 e 2 1  

.488 

.02 

.039 

1.634 

.143 

9.2 

2 .2  

5.2 

(48 .26)  

(3 .98)  

(2.30) 

(81 .84)  

(1 .24)  

( - 8 5 )  

( 4  e 1 5 )  

(. 363) 

23.24 

55.10 

e 861 

2 e 080 

1.106 

66 

42 64 

,646 

.02 

.0300 

2.151 

e 165 

8.5 

1 . 8  

4 .1  

(59 e 03)  

(5 .28)  

(2 .81)  

(108.. 2 4 )  

(1 .64)  

(a051 

(5.46)  

( .419) 
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TABLE V. STAGE FOUR VANE DESIGN DATA 

UNITS 

in .  (a) 
- 

Dia. (T.E.) 

a1 (Degrees) 

'zwei s 
Incompressible 

AW 
t 

n 

ndo (Cf = .975, rl 

do = ndo/n 

te/(te + do> 

chord 

= .96) 
V 

te 

max thickness 

Unguided Turning (Degrees) 

Ove rt urning (Degrees ) 

Wedge Angle (Degrees) 

t m a x '  

HUB - 

13.90 
61.60 

.7§0 
1.102 
,546 

80 

6.96 
,262 

02 
.071 
1.110 

,140 

8.5 
1.0 
7.4 

(35.31) 

(2.80) 

(1.39) 

(53.20) 
(.665) 

-05) 

(2.82) 

(. 356) 

TIP - PITCH - 
19 * 00 

53.10 

.836 
1.563 
.746 
80 

36.16 

.452 

.02 

.042 
1.570 

.I50 
8.6 

1.0 

5.5 

(48.26) 24.10 

48.20 

.862 
(3.97) 2.022 

(1.89) .946 
80 

(92 ) 50.72 
(1.15) ,634 

( *  05) .02 
.031 

(3.99) 2.025 
(.381) .161 

8.6 

2.3 

5.1 

(61.21) 

(5.13) 
(2.40) 

(128.80) 

(1.61) 

(-0.5) 

(5.14) 

( 409) 

Precision Master No. 4013164-015, 016 



TABLE V I .  OUTLET TURNING VANE D E S I G N  DATA 

PARAMETER UNITS - 
in.  (cm)  

D i a .  (T.E.) 13.90 
AW 1.507 
t .662 
n 66 

di 

te 
chord 1.596 

t m a x  9 

$ ( D e g r e e s )  -44.3 
5 ( D e g r e e s )  25.0 
i ( D e g r e e s )  0.0 

6 ( D e g r e e s )  1.9 

.412 

.02 

max thickness . loo 
1 

y ( D e g r e e s )  -19.6 
C 

2 
6 ( D e g r e e s )  -3.1 

(35.31) 
(3.83) 
(1.68) 

(1.05) 

(*OS) 
(4.05) 
(.254) 

TIP 
7 

PITCH 

19.00 
1.508 
.904 
66 
.712 
.02 
1.554 
.loo 
-35.5 
21.6 
1.0 
-14.2 
2.6 
-3.9 

(48.26) 24.10 (61.21) 
(3.83) 1.509 (3.83) 
(2.30) 1.147 (2.91) 

66 
(1.81) .974 (2.47) 

( -05) .02 (-05) 
(3.95) 1.530 (3.88) 
(.254) .lo0 (.254) 

-29.3 
19.0 
2.0 
-9.8 
3.7 
-4.3 
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TABLE VII. STAGE ONE ROTOR DESIGN DATA 

HUB - UNITS - PARAMETER 

in. (cm) 
Dia, (T.E.) 
B1 (Degrees) 

B2 (Degrees) 

AB (Degrees) 

'zwei s 
AW 

t 

n 

Inccmpressib le 

ndo (Cf = .97, rlR = .95) 

do = ndo/n 

te 
t e / ( t e  4- do) 
Chord 

, max th-ckness tlUaX 

16.16 

57.7 
60.0 
117.7 

.979 

.952 

.540 

94 

25.66 

.273 

.020 

.068 

.946 
* 122 

(41.05) 

(2.42) 

(1.37) 

(65.14) 

(. 693) 

(005) 

(2.40) 
(. 310) 

Unguided Turning (Degrees) 13.2 

Overturning (Degrees) 2 .o 
Wedge Angle (Degrees) 5.5O 
Precision Master No. 4013164-001, 002 

TIP 
_I 

PITCH 

19.00 

51.3 

56.8 
108.1 
.984 

1.061 
,635 
94 

33.09 

.352 

.020 

.054 

1.067 
.113 

13.6 
2.4 

4.5 

(48.26) 21.90 (55.63) 

44.1 
55.2 

99.3 
.959 

(2.69) 1.170 (2.97) 

(1.61) -732 (1.86) 

94 
(84.04) 39.57 (100.58) 

(. 894) 

(905) 

(2.71) 
( ,287) 

.421 (1.07) 

,020 (-05) 

.045 

1.202 (3.05) 

.lo5 (.267) 
14.5 

4.1 

4.3 
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LE VIII, ST DESIGN DATA 

HUB - PARAMETER UNITS 

i n  e (cm) 

D i a .  (T.E.) 15 47 (39.29) 

B1 (Degrees) 57.2 

B (Degrees) 60.0 2 
AB (Degrees) 117.2 

Jlzwei 9 

AW -952 (2.42) 

t -528 (1.34) 

n 92 
ndo (Cf = -97, qR = .95) 24.56 (62.38) 

d = ndo/n .267 (.678) 

t .020 (.05) 

te/(te + d 1 .069 

Chord .950 (2.41) 

m a x  thickness  .130 (.330) t m a x  9 

Unguided Turning (Degrees ) 12 a 5 

Overturning (Degrees) 1.3 
Wedge Angle (Degrees) 7.5 

Incompres si b Le a 963 

0 

e 

0 .  

Prec i s ion  Master No. 4013164-003, 004 

PITCH 

19.00 
49.3 
56.1 
105.4 
.986 
1.071 
.649 
92 
33.76 
.367 
* 020 
.052 
1.084 
.115 
12.5 
3.6 
6.0 

(48 e 26) 

(2 - 72) 
(1.65) 

(2 * 75) 
(.292) 

22.55 
40.5 
54.6 
95.1 
.955 
1.190 
770 
92 
41.67 
- 453 
.020 
e 042 
1.231 
.loo 
12.5 
5.0 

5.0 

TIP 
1_ 

(57.28) 

(3.02) 
(1.95) 

(105.80) 
(1.15) 

( *  05) 

(3.12) 
(. 254) 
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TABLE IX. STAGE THREE ROTOR DESIGN DATA 

HUB - UNITS 

in .  (a) 
- PARAMETER 

Dia. (T.E.) 14.35 (36.45) 
B1 (Degrees) 

B2 (Degrees) 

A$ (Degrees) 

59.1 
62.8 
121.9 

In compr ess i b  le  1.013 
'zwei3 

AW .952 (2.42) 
t .578 (1.47) 
n 78 

(Cf = .97, rlB = .95) 20.83 (52.88) 

d = nd /n .267 (-678) 

te 

0 0 
,020 (*05) 

t e / ( t e  + do) 

Chord 

.070 

.958 (2.43) 

t max thickness -130 (.330) 
Unguided Turning (Degrees) 10.8 

-n  

Overturning (Degrees) 1.9 

PITCH 
I 

19.00 (48.26) 
49.3 
57.4 
106.7 
1.034 
1.155 (2.93) 
.765 (1.94) 
78 
32.53 (82.68) 
.417 (1.06) 
.020 (.OS) 

.046 
1.199 (3.04) 
.122 (.310) 
10.1 
2.6 

Wedge Angle (Degrees) 5.5 5.9 
Precision Master No. 4013164-005, 006 

TIP - 
23.73 (60.27) 
39.2 
58.2 
97.4 
.969 
1.358 (3.45) 
.956 (2.43) 
78 
39.94 (101.40) 
.512 (1.30) 
.020 t.05) 
.038 
1.469 (3.73) 
.114 (.290) 
10.9 
3.7 
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TABLE X. STAGE FOUR ROTOR DESIGN DATA 

HUB PITCH - UNITS 

in .  (cm) 
- PARAMETER 

Dia. (T.E. )  13.90 (35.31) 19.00 (48.26) 
f3 (Degrees) 

i32 (Degrees) 

Ai3 (Degrees) 

1 

Incompressible Jlzwei 9 

Aw 

t 

n 

ndo (Cf = .97, nR .95) 
= ndo/n 

te 
t e / ( t e  + do) - 

Chord 

m a x  thickness tmaxs 
Unguided Turning (Degrees) 

Overturning (Degrees) 

Wedge Angle (Degrees) 

Precision Master No. 

55.2 39.3 
53.3 49.6 
108.50 88.9 
979 
.954 (2.42) 
.464 (1.18) 

94 
26.32 (66.83) 
.280 (.711) 
.020 (.OS) 

.067 
,946 (2.40) 

.110 (.279) 

11.1 

1.7 
6.5 
4013164-007, 008 

992 
1.057 (2.68) 
.635 (1.61) 

94 
39.01 (98.70) 

,415 (1.05) 
.020 (.05) 

.046 
1.080 (2.74) 

.lo5 (-267) 

9.6 
1.9 
6.0 

TIP - 

24.10 
22.10 

49.70 
71.70 
.906 
1.161 
.805 
94 
49.26 
.524 

.020 

037 
1.242 

.loo 
10.3 
3.6 
5.3 

(61.21) 

(2.95) 
(2.04) 

(125.02) 

(1.33) 

(-05) 

(3.15) 

(. 254) 
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TABLE XII. KEY DETAIL DRAWING SUMMARY (Concluded) 
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Precision Master No. 
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Figure 13. Stage One Vane Hub Airfo i l  Flowpath. 
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Figure 14. Stage One Vane Pitch Airfoil Flowpath. 
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Figure 15. stage One Vane Tip Air fo i l  Flowpath. 
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Figure 17. Stage One Rotor Hub Airfoil Flowpath. 
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Figure 18. Stage One Rotor Pitch Air fo i l  Flowpath. 
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Figure  19. Stage One Rotor T i p  Airfoil Flowpath. 

56 



a9 
0 

o! 
0 

9 
d 

00 

0 

o! 
0 

0 
4 o! 9 00. '9 d: cp 
d ~ ~ 0 0 0 0 0  

9 
d 

h 
c, 

k 
0 
c, 
0 

a, 
0 
0 

00 

0 

o! 
0 

0 

d d d 0 0 0 0 0  

0 
R1 

a, 
k 
5 
M 

57 



0 rn ... 

0 N 

c 

I? .-. 

C> 0 - 

D 

CJ m 

%- 

~ ~ 

o-i.ec - .5c -.9c - .70 - 5c -.so -.uc - ?e - XI - i n  . $3 
F;ORMYLJZEO X 
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Figure 22. Stage Two Vane Pitch Airfo i l  Flowpath-. 
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Figure 23. Stage Two Vane Tip Airfoil Flowpath. 
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Figure 27. Stage Two Rotor Tip Airfo i l  Flowpath. 
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F i g u r e  29. Stage Three Vane Hub Airfoil Flowpath. , 
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Figure 31. Stage Three Vane Tip Airfoil Flowpath. 
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F i g u r e  33. S t a g e  Three Rotor Hub Airfoil  Flowpath. 
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F i g u r e  34. Stage Three Rotor P i t c h  Airfoi l  Flowpath. 
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Figure  35. Stag? Three Rotor Tip Airfoil Ffowpath. 
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Figure 37. Stage Four Vane Hub Airfoil Flowpath. 
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Figure 38. Stage Four Vane Pitch A i r f o i l  Flowpath. 
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Figure 39. Stage Four Vane T i p  Airfoil Flowpath. 
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Figure 41. Stage Four Rotor Hub Airfoil Flowpath. 
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Figure 42. Stage Four Rotor Pitch Airfo i l  Flowpath. 
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Figure  43. Stage Four Rotor Tip A i r f o i l  Flowpath. 
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Figure 45. Outlet Turning Vane Hub Airfoil Flowpath. 
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Figure 46. Outlet Turning Vane Pitch Airfoil Flowpath. 
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Figure 49. Stage One Vane Precision Master (4013164-009). 
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STACKING POINT 
AT G-G 

Figure 49. Stage One Vane Precision Master (Concluded). 
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Figure 50. Stage One Rotor Precision Master (4013164-001). 
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Figure 51. Stage'lWo Vane Precksion Master (4013164-011). 
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Figure 51. Stage Two Vane Precision Master (Concluded). 
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Figure  52. S tage  Two Rotor P r e c i s i o n  Master (4013164-003). 
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Figure 53. Stage Three Vane Precision Master (Concluded). 
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Figure 54. Stage Three Rotor Precision Master (4013164-005). 
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Figure 55. Stage Four Vane Precision Master (4013164-015). 
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Hgure 35. Stage Four Vane Precision Master (Concluded). 
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Figure 56. Stage Four Rotor Precision Master (4013164-007). 
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Figure 57. Outlet Turning Vane Precision Master (Concluded). 
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Figure 58. Stage One Vane Stackup (4013164-010). 
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Figure 72 .  Most Probable Modes of Vibration, Stage One Blade, 
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Figure 73. Most Probable Modes of Vibration, Stage Two Blade. 
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Figure 74. Most Probable Modes of Vibration, Stage Three Blade. 
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